Insulin degludec (IDeg) is a new basal form of insulin that generates soluble multihexamers after subcutaneous injection, which results in an ultra-long duration of action to reduce glucose in human patients with diabetes \[[@r12], [@r16], [@r20]\]. IDeg has the same amino acid sequence as that of human insulin, with the exception of threonine at position 30 in the B chain, which has been removed (Des-B30), and a 16-carbon fatty diacid (hexadecanoic diacid) attached to lysine at position 29 via a glutamic acid linker \[[@r17], [@r18]\]. This formulation allows IDeg to form multiple hexamers that bind to albumin in the blood, which makes them dissociate slowly after subcutaneous injection and increases their duration of action \[[@r10]\]. In human studies, the half-life of IDeg is longer than that of insulin glargine after subcutaneous administration (25 vs. 12 hr, respectively), and IDeg has a duration of action of \> 42 hr \[[@r5], [@r8], [@r9]\]. For this reason, there is a reduced risk of severe hypoglycemic episodes in humans undergoing IDeg therapy \[[@r3], [@r19]\]. However, the effect of IDeg has not been investigated in a veterinary scenario.

Insulin injection is commonly used as an effective treatment for long-term glycemic control in diabetic dogs \[[@r4]\]. Previously, our laboratory showed a clear difference among three other insulin preparations in healthy dogs by examining their time-action profiles. Insulin detemir (IDet) had the longest profile, followed by insulin glargine (IGla) and neutral protamine Hagedorn insulin (NPH) \[[@r11], [@r13]\]. However, the time-action profiles of IDeg have not been investigated in dogs.

Therefore, in this study, we investigated the pharmacodynamic properties of IDeg in dogs. First, to reveal the basal activity of IDeg in healthy dogs, we determined the time-action profile of subcutaneously injected IDeg. Second, we investigated whether IDeg could reduce glucose level in insulin-dependent diabetic dogs by comparing its effects against that of the most commonly used insulin preparation, NPH.

Five healthy dogs \[three castrated males and two spayed females; body weight (BW): 6.6--13.5 kg; age: 3--8 years old\] and four dogs with diabetes mellitus treated with insulin (one castrated, experimentally induced diabetic male beagle, two castrated male miniature dachshunds with juvenile-onset diabetes, and one spayed female miniature schnauzer with juvenile-onset diabetes; BW: 3.1--12.4 kg; age: 6--12 years old) served as the healthy and diabetic groups, respectively. Diabetes was induced in one dog by an intravenous administration of 25 mg/kg of Streptozotocin (10 nmol/*l* in Na-citrate buffer, pH 4.0) as previously described \[[@r2]\]. All diabetic dogs were confirmed with diabetes mellitus for \>5 years and were defined with clinical signs (polyuria and polydipsia) and documentation of persistent fasting hyperglycemia (\>250 mg/d*l*) and glucosuria. Before use in our study, the diabetic dogs were treated with subcutaneous injections of NPH (Eli Lilly Japan K.K., Kobe, Japan) at 0.26--0.41 units/kg twice daily (at 08:00 and 20:00 hr) to maintain fair-to-good diabetic control (serum glycated albumin of 18.4--26.6%) \[[@r14], [@r15]\]. Previously, our laboratory determined a normal reference range of 11.4--11.9% for serum Glycated Albumin (%) (95% C.I.) in normal healthy dogs \[[@r14], [@r15]\].

All dogs were fed a commercial diet (Select Protein, Royal Canin Japon, Tokyo, Japan) twice daily (at 08:00 and 20:00 hr) to maintain an ideal body condition score (a score of 5--6/9) and BW (kg). Caloric intake was set at 0.5 × (1.2--2.0) × RER (BW^0.75^ × 70), with RER referring to resting energy requirement in each feeding period. The Nippon Veterinary and Life Science University Animal Research Committee approved this study (Acceptance Number: 26S-61 and 27S-57).

To confirm the time-action profile of IDeg in healthy dogs, we used five dogs without diabetes. Prior to use, the healthy dogs were subjected to over 12 hr fasting. We then inserted catheters into the left cephalic vein to collect blood samples, and into the right cephalic vein to inject glucose with physiological saline. These catheters were connected to an artificial pancreas apparatus (Nikkiso STG-55, Nikkiso Co., Ltd., Tokyo, Japan) to monitor and adjust blood glucose concentration. After the artificial pancreas apparatus was connected, each dog was allowed to settle down for 30 min, during which blood glucose concentration stabilized to within the normal range (68--90 mg/d*l*). Each dog then received a single subcutaneous injection (0.5 units/kg) of IDeg under euglycemic glucose clamp conditions. Glucose infusion rates (GIR) (mg/kg/min) were recorded for up to 20 hr, relative to the rate of glucose administered (mg) per BW (kg) per min. This method followed that described by Sako *et al.* \[[@r13]\], which is considered to be a gold standard for measuring insulin time-action profiles in humans and dogs \[[@r6], [@r7], [@r11]\].

All four diabetic dogs were fasted for 12 hr prior to the experiments. Diabetic dogs were fed diet and injected with NPH or IDeg. Insulin was provided as a single injection twice daily at a 12-hr interval (at 08:00 and 20:00 hr) after feeding. To determine the proper insulin dose of NPH or IDeg for each diabetic dog, we conducted a preliminary examination before beginning this portion of our study. The initial NPH dose was determined on the basis of the latest daily insulin dose (0.26--0.41 units/kg twice a day), which was replicated for the initial IDeg dose. The ideal dose of insulin maintained the blood glucose concentration between 100 and 250 mg/d*l* throughout day and night \[[@r4]\]. However, IDeg is a very long-acting form of insulin with no pronounced peak effect; thus, it may be not effective in preventing both postprandial hyperglycemia and preprandial hypoglycemia. Therefore, we adjusted the insulin dose for each dog to meet the following conditions: (1) no clinical hypoglycemia, and (2) lowest blood glucose concentration of \<150 mg/d*l* \[[@r4]\].

After two weeks of insulin dose adjustment in the preliminary examination, the main test was performed in two phases, with each phase lasting up to seven consecutive days. In the first phase (days 1--7), diabetic dogs were treated with various doses of NPH (0.26, 0.29, 0.40, or 0.41 units/kg) as a single injection twice daily at a 12-hr interval (08:00 and 20:00 hr). In the second phase (days 8--14), the same dogs were treated with various doses of IDeg (0.10, 0.21, 0.31, or 0.33 units/kg) as a single injection twice daily at the same time of day.

Preprandial blood samples were obtained from each dog via the jugular vein at days seven and fourteen (for the main test) and at 1-hr intervals between 0 and 12 hr after feeding. Blood samples for glucose measurement were collected into polypropylene tubes and allowed to clot at 20 ± 5°C for 15 min. After clotting, blood samples were centrifuged immediately at 1,700 × g for 10 min at 4°C to obtain serum samples, which were promptly stored at −80°C until further use. Serum glucose concentrations were measured using a Wako2 Glucose test commercial kit (Wako Pure Chemical Industries, Tokyo, Japan), according to the manufacturer's protocol.

Data are presented as mean ± standard deviation (SD). Total area under the curve (AUC) between 0 and 20 hr represents glucose infusion value (mg/kg), which was calculated by the trapezoidal rule of GIR (mg/kg/min) × min \[[@r1]\]. To determine the percentage of time each dog was hyperglycemic or hypoglycemic throughout the day, we calculated the percentage of glucose values below 60 mg/d*l* or above 400 mg/d*l* from 13 blood glucose measurements. Statistical significance was determined using paired *t*-tests, one-way repeated measures ANOVA, or two-way repeated measures ANOVA, followed by the Bonferroni *post-hoc* test, (GraphPad Prism 5 analysis software, GraphPad Software, Inc., San Diego, CA, U.S.A.). Differences were considered to be significant at values of *P*\<0.05.

The time-action profiles of IDeg in individual dogs ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Time-action profiles of insulin degludec over a 20-hr period in each individual (A) and the mean ± SD (n=5) in healthy dogs (B). Results are presented as glucose infusion rate (GIR) over time after treatment with 0.5 units/kg insulin degludec. Higher values of GIR indicate stronger insulin action. Asterisk indicates significant difference (*P*\<0.05, one-way repeated measures ANOVA and Bonferroni *post-hoc* test) compared to the value at 0 hr.) and the mean ± SD of GIR after IDeg injection ([Fig. 1B](#fig_001){ref-type="fig"}) are presented to show the variability of the action of IDeg. GIR increased significantly 4, 4.5, 5.5--18.0, and 19.5 hr after subcutaneous injection of IDeg (one-way repeated measures ANOVA and Bonferroni *post-hoc* test, *P*\<0.05) ([Fig. 1B](#fig_001){ref-type="fig"}). Moreover, insulin was persistent for \>20 hr.

Diabetic dogs were maintained with injection of NPH at 0.34 ± 0.08 units/kg/day (min-max: 0.26--0.41) or IDeg at 0.24 ± 0.11 units/kg/day (0.10--0.33). Temporal analysis in the four diabetic dogs indicated no significant difference in glucose profiles between the IDeg and NPH, as analyzed by two-way repeated measures ANOVA ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Comparison of glucose concentrations at 1-hr intervals (mean ± SD) after injection of neutral protamine Hagedorn insulin (NPH) or insulin degludec (IDeg) to four insulin-dependent diabetic dogs. Inset indicates total area under the curve (0--12 hr) of NPH and IDeg.). In addition, no significant difference was observed between NPH and IDeg mean glucose AUC at 0--12 hr after administration, as analyzed by paired *t*-test ([Fig. 2](#fig_002){ref-type="fig"}). Furthermore, there was no significant difference in mean glucose concentration, time spent in hyperglycemia (blood glucose \>400 mg/d*l*), time spent in hypoglycemia (blood glucose \<60 mg/d*l*), and maximum and minimum glucose concentrations between NPH and IDeg in the four diabetic dogs, as analyzed by paired *t*-test. IDeg maintained a mean glucose concentration of 180 ± 65 mg/d*l*, whereas NPH maintained 225 ± 53 mg/d*l* in all diabetic dogs. The maximum and minimum glucose concentrations were 356 ± 98 and 132 ± 70 mg/d*l*, respectively, after NPH treatment, and 362 ± 98 and 59 ± 20 mg/d*l*, respectively, after IDeg treatment. The percentage of time spent in glucose levels greater than 400 mg/d*l* for NPH and IDeg were 3.8 ± 7.7 and 11.5 ± 18.3%, respectively. Moreover, dogs treated with NPH and IDeg spent 0 and 11.5 ± 23.1% of time with glucose concentrations less than 60 mg/d*l*, respectively.

An indistinct peak was detected at 9.0--13.5 hr post-subcutaneous injection of IDeg to healthy dogs. At that point, the general effect of insulin was maintained during the observation period. Furthermore, we showed that the time-action profile of IDeg in healthy dogs lasted for more than 20 hr, confirming similar trends reported using IGla and IDet \[[@r11], [@r13]\]. Therefore, IDeg appeared to have a duration of action of \>20 hr without any pronounced peak effects.

In our previous study, there is a clear difference in time-action profiles between NPH, IGla, and IDet in healthy dogs, even though all insulin preparations required time to show peak effects \[[@r11], [@r13]\]. In those studies, subcutaneous injection of those insulins caused distinct peaks of mean maximum GIR: 12 (at 5 hr post-NPH injection), 11 (at 7 hr post-IGla injection), and 20 mg/kg/min (at 7 hr post-IDet injection). In contrast, in the present study, the mean maximum GIR peaked at 5.5 mg/kg/min at 9.5 hr post-IDeg injection. Although it is difficult to compare these results because different healthy dogs were used in both studies, the mean maximum GIR following treatment with IDeg was less than half of that of the other drugs. Thus, it was indicated that IDeg had a long-lasting effects in modulating glucose levels, which may lead to its use as a novel treatment for diabetes in dogs.

Because mean glucose levels were similar in the NPH and IDeg groups (225 and 180 mg/d*l*, respectively), we determined that both insulin preparations can reduce glucose level in diabetic dogs. Furthermore, maximum glucose level was similar between both insulin preparations. However, minimum glucose level with IDeg (59 ± 20 mg/d*l*) was lower than that with NPH (132 ± 70 mg/d*l*, mean ± SD), though not significantly different. Furthermore, dogs treated with NPH did not show hypoglycemia (blood glucose \<60 mg/d*l*) during the monitoring period. Meanwhile, mean temporal glucose concentration following IDeg administration showed minimum values preprandially (77 mg/d*l* at 11 hr) ([Fig. 2](#fig_002){ref-type="fig"}). Furthermore, during the observation period (12 hr), hypoglycemia (\<60 mg/d*l*) occurred 11.5% of the time after IDeg injection, although this was not significantly different than that caused by NPH. In healthy dogs, subcutaneously injected IDeg might be absorbed slowly and it showed a continuous glucose-lowering effect \[[@r5]\]. This continuous insulin action did not correspond to physiological postprandial insulin secretion in dogs. Therefore, IDeg did not concurrently prevent postprandial hyperglycemia and preprandial hypoglycemia in a single-agent administration in diabetic dogs.

Limitations of our study include the small number of dogs used and lack of repetition of experiments in both the healthy and diabetic groups. As such, because of the large biological variability among animals and the small sample size used in our study, the clinical efficiency of IDeg treatment might remain uncertain. Moreover, variation under external circumstances (multiple courses of blood sampling per day) may have led to stress-induced glycemic changes.

In conclusion, our results clearly showed that IDeg exhibited a long-lasting effect in healthy and diabetic dogs, similar to its effects in human patients. However, IDeg might be not be effective to concurrently prevent postprandial hyperglycemia and preprandial hypoglycemia in a single-agent administration in diabetic dogs.
